Knowledge of the mechanical properties of interlevel dielectric films and their impact on submicron interconnect reliability is becoming more and more important as critical dimensions in ultralarge scale integrated circuits are scaled down. For example, lateral aluminum ͑Al͒ extrusions into spaces between metal lines, which become more of a concern as the pitches shrink, appear to depend partially on properties of SiO 2 underlayers. In this article nanoindentation, wafer curvature, and infrared absorbance techniques have been used to study the mechanical properties of several common interlevel dielectric SiO 2 films such as undoped silica glass using a silane (SiH 4 ) precursor, undoped silica glass using a tetraethylorthosilicate precursor, phosphosilicate glass deposited by plasma-enhanced chemical vapor deposition and borophosphosilicate glass ͑BPSG͒ deposited by subatmosphere chemical vapor deposition. The elastic modulus E and hardness H of the as-deposited and densified SiO 2 layers are measured by nanoindentation. The coefficients of thermal expansion ͑CTE͒ of the densified layers are estimated by temperature-dependent wafer curvature measurements. Fourier transform infrared spectroscopy is used to obtain the chemical structures of all SiO 2 layers. Among the four common interlevel layers, BPSG exhibits the smallest modulus/ hardness and a relatively small amount of moisture loss during anneal. The BPSG shows the highest CTE, which generates the smallest thermal stress due to a closer match in the CTE between Al and SiO 2 . BPSG again has the lowest as-deposited compressive stress and the lowest local Si-O-Si strain before annealing. The center frequency of the Si-O bond stretching vibration exhibits a linear dependence on total film stress. The shifts of Si-O peaks for all the SiO 2 layers also correlate well with the stress hysteresis obtained from wafer curvature measurements. Stress interactions between the various SiO 2 underlayers and the Al metal film are also investigated. The impact of dielectric elastic properties on interconnect reliability during thermal cycles is proposed.
I. INTRODUCTION
SiO 2 -based thin films, such as undoped, phosphorous doped and boron-phosphorous doped silicate glass are extensively exploited as interlevel dielectrics ͑ILDs͒ in the current multilevel metallization technologies. [1] [2] [3] These films are usually deposited at high temperatures so that mechanical stress is generated in both the ILD and metal layers due to the difference of thermal expansion coefficients and macroscopic Young's modulus between different layers and the Si substrate. When it arises in ULSI metallization and passivation systems, this stress can lead to metal line voiding, hillocks, extrusions, cracking, poor adhesion, delamination, and eventually complete mechanical failure of the circuit. Hillock and extrusion growth during annealing and thermal cycling of metal films are associated with the relaxation of compressive thermal stress in these films. 4 The continued scaling down to submicron device geometries has further increased susceptibility to stress related problems, 5 including hillock and extrusion formation. Metal line shorts have been caused by vertical aluminum ͑Al͒ hillocks between different metal levels and by lateral extrusions into spaces between metal lines at the same level, as the ILD thickness and pitches shrink to make larger and faster circuits. 6 In addition to tighter geometries, mechanical and thermal properties of different ILDs can affect extrusion behavior. Wafers using identical metallization, but deposited on different underlying oxides, can exhibit dramatically different lateral metal extrusion behavior. We found that extrusions are infrequent after metal annealing for metallization deposited on doped silica glass, but are very common for metallization on undoped silica glass. In some cases, such extrusions are large enough to short neighboring lines after anneal. In other cases, although initial shorting is not observed, postpassivation leakage through the ILD occurs. The frequency and size of lateral Al extrusions therefore appear to be influenced by the underlying SiO 2 layers, making knowledge of the mechanical properties of these common ILDs films and their influences on aluminum copper ͑AlCu͒ interconnects of great interest.
Although a number of previous investigations have been devoted to vertical hillock suppression, no detailed study of lateral extrusion suppression has been performed to date. a͒ Electronic mail: chenfe@us.ibm.com Rocke and Schneegans 7 reported that the use of TiN refractory overcoating layer on the metal lines reduced the hillock formation. This method is very effective for vertical hillocks but not for lateral extrusion. Learn 8 proposed decreasing the chemical vapor deposition ͑CVD͒ temperature of ILD films to control the hillock and extrusion growth. But reduction of deposition temperature may compromise ILD quality. Kim et al. 9 investigated the stress behavior of various phosphosilicate glass ͑PSG͒ films and observed a relation between the stress behavior of PSG film and hillocks on the metal film, but their study was limited to PSG films.
In the present work, results for studies on common ILD SiO 2 films are reported: undoped silica glass using a silane (SiH 4 ) precursor, undoped silica glass using a tetraethylorthosilicate ͑TEOS͒ precursor, PSG deposited by plasmaenhanced chemical vapor deposition ͑PECVD͒, and borophosphosilicate glass ͑BPSG͒ deposited by subatmosphere CVD. Elastic modulus E and hardness H of the different SiO 2 films were obtained by nanoindentation. Macroscopic temperature dependent mechanical stresses were obtained from wafer curvature measurements. Microscopic film strains were estimated from Fourier transform infrared spectroscopy ͑FTIR͒, and surface morphology of various ILD films was measured using atomic force microscopy ͑AFM͒. An in-line defect detection system was used to demonstrate the relation between lateral Al extrusions and the properties of various ILD SiO 2 films. The influence of ILD elastic properties, moisture absorption/desorption, and surface morphology on Al extrusion is shown, and the most suitable ILD material was identified for minimizing metal extrusions.
II. EXPERIMENTAL PROCEDURES AND ANALYSIS
Four different oxide films were deposited on three sets of 200-mm-diam ͑100͒-Si substrates. The first set of wafers received films with a thickness of 0.50 m, the second set of wafers received a thickness of 2.0 m, and the third set of wafers was deposited with a 0.50 m thick oxide film followed by a Ti/AlCu/Ti/TiN metal stack ͑10/342/13/32 nm͒. The deposition characteristics are summarized in Table I together with values of thickness, dopant concentration, and deposition technique. The first set of oxide films was used for stress and strain measurements. These wafers duplicated the oxide thickness of patterned wafers used for extrusion morphology and density analysis. The second, thicker set of films was used for hardness and stiffness measurements, and the third set was used for studies of stress interaction between underlying SiO 2 films and overlying Al metal stack.
The indentation test was performed on both as-deposited and annealed samples, using a Nanoidenter II ͑Nano Instruments, Oak Ridge, Tennessee͒. All the indentations were performed under a constant load rate mode whereby a Berkovitch indenter ͑three-sided pyramid͒ with a tip radius smaller than 100 nm was driven into the oxide films at a controlled load rate. 10 A hold segment was inserted at the end of each loading segment to allow time for the system to equilibrate before unloading. Then an unloading segment followed at a constant unloading rate. The theoretical resolution of displacement and load is about 0.04 nm and 75 nN, respectively. The early unloading portion was used for stiffness calculation, and the hold segment was used for thermal drift correction. The absolute uncertainty of the evaluated mechanical properties was judged to be on the order of 5% in most cases by using 2.0 m instead of 0.5 m thick films to minimize the substrate effects. As the rule of thumb, 11 only those data points with depth up to 10% of the ILD film thickness were used to calculate elastic constants. For each condition, about 20 identical indents were made to ensure the reproducibility and accuracy.
The unloading stiffness S is determined by linear fitting of the unloading data and the contact depth h c , and a is calculated by
where h t is maximum depth of penetration including elastic deformation of the surface under load, P is the maximum load, and is a geometrical constant ͑ϭ0.75 for a parabola of rotation͒. The projected area A of actual contact can be expressed as a function of the form where S is the stiffness, P is the load, h is the displacement, A is the contact area, and E r is the composite modulus for the indenter-sample combination. E r is given by
where E and are Young's modulus and Poisson's ratio for the sample and E i and i are Young's modulus and Poisson's ratio for the indenter. The ILD film stresses were measured using an optical levered laser beam apparatus furnished with a hot stage capable of temperature up to 900°C ͑Tencor-KLA FLX-2908 thin film stress measurement͒. Wafer curvatures were measured with and without the films at various temperatures. Wafers with films were ramped to 600°C and annealed for 30 min in nitrogen to simulate processing. The ramp rate was 20°C/min and measurements were obtained every 10°C. The stress in the film f , was calculated using Stoney's formula
where E s and ␥ s are Young's modulus and Poisson's ratio for the substrate, t s and t f are the substrate and film thickness, and R 1 and R 2 are the radii of curvature before and after film deposition, respectively.
If the values of the elastic constants for both substrate and film are assumed to be constant in the temperature range considered, the temperature dependence of the stress can be described in this linear region by the following equation:
where ␣ s and ␣ f are the thermal expansion coefficients of substrate and film, and E f and ␥ f are Young's modulus and Poisson's ratio for the film, respectively. Chemical and structural properties before and after anneal were examined by measuring the absorbance of different SiO 2 samples using FTIR spectroscopy. Optical absorption data were collected on a Nicolet 740 FTIR using a quartz beamsplitter and PbSe detector. Transmission through the thin film and the substrate was measured and the substrate absorption was removed by calibrating measured data against the substrate with the top SiO 2 removed by wet chemical etching. The most important vibration band in the SiO 2 films is the Si-O stretching vibration band at ϳ1050-1100 cm Ϫ1 . Measuring the center frequency of this band allows the determination of the strain using the relation
where 0 is the frequency for relaxed SiO 2 films. The microscopic model for strain and its relationship to the elastic properties of the SiO 2 films can be further investigated by using
III. RESULTS
A. Elastic properties
Figures 1 and 2 show calculated E and H data versus contact depth for silane, TEOS, PSG, and BPSG oxide films. Doped silicate glasses show smaller E and H than undoped silicate glasses and BPSG has the smallest E and H values. The modulus values were nearly constant at a depth shallower than 200 nm and started to increase with indenter depth after 200 nm for silane and TEOS. This increase of E with indenter depth after about 10% film thickness is due to Si substrate effect. The hardness value of BPSG is only about 40%-50% of the silane and TEOS. Annealing caused Table  II for both as-deposited and annealed samples together with some published data for comparison. Among the four common ILDs studied here, BPSG exhibited the smallest modulus.
B. Thermal stress
As shown in Fig. 3 , the initial as-deposited stresses are different, indicating different intrinsic stresses in those films. These intrinsic stresses can be modulated by the deposition conditions such as temperature, 15 chamber pressure, 15 gas flow rate, 16 plasma power and frequency, 17 etc., as well as the material composition. Among four ILD films studied here, BPSG exhibited the smallest intrinsic compressive stress ͑37 MPa͒ and PSG exhibited the highest intrinsic compressive stress ͑160 MPa͒. During the first heating cycle, stress became progressively more tensile with increasing temperature. During the 30 min anneal at 600°C, the tensile stress continued to increase suggesting densification. During cooling after densification, the stress-temperature curves were straight with a slope that can be accounted for by thermal expansion effects. Stress hysteresis ͑the difference between the film stress as-deposited and at the end of a complete thermal cycle͒ occurred in all oxide films after first annealing, suggesting that changes occurred in the composition or structure of the film. 18 Further cycling or ramping produced reversible linear stress-temperature changes with the same slopes as the first cooling curves and no stress hysteresis. Following Eq. ͑7͒, temperature-dependent stress measurements allow independent estimation of the thermal expansion coefficient of SiO 2 films when using elastic constants obtained from nanoindentation. Measured stress hysteresis and calculated coefficients of thermal expansion ͑CTE͒ values for the four oxide films are shown in Table III , along with values from other investigations. As seen in the published data, a spread in CTE for the same oxide was found even within the same research group, perhaps because of different process conditions. Nevertheless, some of our results are in good agreement with published results for PECVD deposited SiO 2 . Strictly speaking, our reported CTE values are only valid for annealed oxide films. Of the four films we studied, BPSG yielded the highest CTE. Thermal stress interaction between SiO 2 and AlCu metal stack was also investigated by wafer curvature measurements. Figure 4 illustrates the temperature dependence of stress for the various composite SiO 2 ϩAlCu layers on heating and on cooling. The same metal stack was deposited on four different underlying oxides. In addition, a single AlCu metal stack layer was also deposited on Si substrate as a reference sample. Comparisons of various SiO 2 ϩAlCu composite films to single AlCu stack film show that shapes of all composite film ͑in particular the stress hysteresis͒ were dominated by the contribution of the AlCu metal stack. The dashed curves are the calculated stress curves using the relationship total t total ϭA͑ oxide t oxide ϩ metal t metal ͒ϩB. ͑10͒
The calculated values for total are in reasonable agreement with the measured ones suggesting that plastic flow and deformation characteristics the of AlCu metal stack were not significantly affected by the presence of SiO 2 films. However, the absolute compressive stress of each composite film indeed was affected by underlying SiO 2 .
C. Chemical and structural properties Figure 5 shows the FTIR absorbance spectra for BPSG and silane SiO 2 films before and after anneal. The most significant features in these spectra are labeled in the figure. The features include the Si-O rocking band at ϳ450 cm
Ϫ1
, the Si-O bending band at ϳ810 cm Ϫ1 , the Si-O stretching band at ϳ1070 cm Ϫ1 , the P-O band at ϳ1310 cm
, B-O band at ϳ1360 cm Ϫ1 , the B-O-B band at ϳ680 cm Ϫ1 , and the Si-O-B band at ϳ900 cm Ϫ1 . Si-O stretching bands shifted to a higher wave number and the bands were narrowed for all SiO 2 films after anneal, as also shown in Fig. 5 .
D. Surface roughness
Initial studies indicated that elastic properties of underlying oxide films could influence extrusion growth. However, other factors such as oxide surface roughness and surface energy related to surface bond configuration, could also affect extrusion formation and growth. Substrate surface roughness has been found to influence the overlying film crystallographic orientation for Ti and Ti/AlCu films deposited on various oxides. 19 Decrease of the surface roughness leads to an improved crystallographic texture in Ti, AlCu, Ti/AlCu, and Ti/TiN/AlCu films. The effects of various AlCu deposition temperatures and Ti-based underlayers on the resultant texture in AlCu tended to be secondary in nature. Good texture corresponds to a uniformly well-oriented metal film, which restricts grain boundaries to those formed due to difference in rotational orientation between grains. These boundaries presumably permit less atomic flux. Hence, if extrusion growth is dominated by boundary diffusion, oxide surface roughness can be important, and it is necessary to check the surface roughness values of various SiO 2 films and to further confirm the best candidate for extrusion control. Surface roughness was measured by AFM after oxide deposition, after metal deposition, and after metal annealing, respectively. Table IV shows the roughness results for all the oxide films with different conditions. The as-deposited BPSG and TEOS films have relatively smoother surface indicating that they should yield better Ti/AlCu texture. The following as-deposited metal surface roughness and annealed metal surface roughness were significantly en- hanced, which was partially due to the oxide surface energy difference and the metal stress relaxation difference during anneal.
IV. DISCUSSION
Stress interactions between SiO 2 -based glass ILD and an AlCu metal stack can be qualitatively described by a rigid wall model as shown in Fig. 6 . The force exerted by either metal or glass could be expressed as follows:
where A is the metal-glass contact area, is the stress, E is the modulus, and is the strain. During anneal, forces exerted by glass and metal should be balanced:
where subscript G and M refer to glass and metal, respectively. From Eq. ͑12͒ we clearly see that metal can expand more to relax its built-in stress if oxide has a lower modulus. The uniform expansion of metal minimizes the localized extrusions during thermal ramping and anneal. Another important parameter to control extrusion is a biaxial compressive stress generated from changes in temperature as described by Eq. ͑7͒. This stress is the driving force for the growth of extrusions. The thermal mismatch stress is determined by the value of coefficients of thermal expansion ␣ SiO 2 relative to that of the metal film. There is an appreciable mismatch between SiO 2 and AlCu; ␣ SiO 2 Ӷ␣ AlCu so that the stress in the metal becomes more compressive as the films are heated. In order to reduce the compressive stress at the glass and metal interface, we have to choose the glass with the highest CTE and smallest modulus. The smaller the difference between the CTE of glass and metal, the smaller the thermal stress produced in metal film. Therefore, it is desirable to use glass with low modulus and high CTE to control the formation and growth of AlCu extrusions. In addition to the modulus and CTE, other factors such as glass surface roughness, intrinsic stress of the glass, moisture desorption from glass during anneal, and glass surface energy could also affect the microstructure of the AlCu overlayer 17, 20, 21 and the growth of AlCu extrusions.
Nanoindentation results indicated that boron is more effective in reducing E and H than phosphorus because of its lower valence and smaller atom size. The modulus and hardness reduction improves when mixing B and P dopants. Based on the rigid wall model, the smaller the modulus, the better the extrusion control. Therefore, BPSG offers the best elastic properties among the four common ILDs studied here. Infrared ͑IR͒ absorption spectra for as-deposited and annealed films were illustrated in Fig. 7 , showing that the typical absorptions due to hydrogen-bonded Si-OH groups and absorbed water disappear after a 600°C 30 min anneal. Therefore, we concluded that the major effect caused by anneal is moisture desorption. Water is a byproduct of the deposition reaction and some is trapped during deposition. More moisture could be absorbed at room temperature dur- ing storage. Annealing causes both an E and H increase for all the films but the impact on BPSG is the most significant, suggesting that the doped films become more sensitive to moisture as the total concentration of dopants increases. It is interesting to note that the hardness values for silane and TEOS annealed films decreased with indenter depth initially, then saturated at about 250 nm. Due to the softness of BPSG, its modulus started to increase earlier at about 150 nm depth. Since the moisture effect on hardness is clearly identified, we attributed this initial hardness decrease to the surface moisture desorption effect. The film surface probably desorbed more moisture than the bulk did during anneal. Therefore, the top of the film became harder than the bulk portion. Stress-temperature curves showed a nonlinear stress change from compressive to highly tensile, which was attributed to a loss of water on heating. Heating can densify the films and build up tensile stress. 22 IR absorbance measurements confirmed a loss of water during anneal. The typical absorptions due to hydrogen-bonded Si-OH groups and absorbed water ͓͑3300-3600͒ cm Ϫ1 ͔ disappeared after 600°C annealing for all the films. A reduction of tensile stress at around 400°C was observed only for BPSG. It can be explained by the reflow due to weaker Si-O bonds in BPSG.
We further experimentally proved that the stress hysteresis was mainly due to the structure state changes caused by a loss of water. A later storage of these annealed samples in a temperature and humidity chamber ͑temperatureϭ85°C and relative humidityϭ85%͒ for 20 h did influence the water content and brought back the stress hysteresis. van Schravendijk et al. reported a similar influence of moisture absorption on stress hysteresis. 17 Due to the adverse effects of moisture in the films, stress hysteresis may be a good monitor for the amount of water loss during anneal. A high temperature annealing for silane oxide before metal deposition appears to minimize the adverse effects of moisture in the oxide films and decrease extrusion shorting. From the stress hysteresis values in Table III , we concluded that BPSG yielded moderate water loss.
For the oxideϩmetal composite films, increasing temperature provided a linear decrease of the stress level following an elastic regime as shown in Fig. 4 . At about 220-275°C ͑elastic-plastic transition temperature͒, plastic deformation and stress relaxation occurred leading to stress reduction. A fairly rapid drop in stress was observed only at about 400°C, which was due to the TiAl 3 layer formation by chemical reaction between Ti and AlCu. The observed stress curves suggest that the critical period for extrusion formation is during metal anneal ramping and most of the growth takes place even before reaching the anneal target temperature, 400°C. Usually, the smaller the compressive stress and the higher the elastic-plastic transition temperature, the better it is for extrusion control since both the driving force and thermal diffusion time were limited. Again the BPSGϩAlCu system showed the smallest compressive and the highest transition temperature among four oxideϩmetal systems. The highest compressive stress for BPSGϩAlCu was about 43 MPa occurring at 275°C.
The very intense absorbtion band of Si-O stretching vibration of FTIR spectra is often used for strain analysis. 23, 24 P-O and B-O bands are often found to contain the most information concerning the phosphorus and boron concentration in the films. 25 The band upshift and narrowing can be explained by an increase in bond strain due to densification during annealing. 26 Incorporation of impurities ͑P and B͒ into SiO 2 shifted the Si-O stretching bands to a higher wave number as expected. 26 The center frequencies of the Si-O stretching bands were estimated by careful peak fit. We found that Voigt-type peak-shape functions can give a good fit with a confidence factor close to 1. Figure 8 shows that this frequency varies with the stress of the SiO 2 films. Obviously, the values for the as-deposited as well as the annealed samples obey a linear function, which is expected considering Eqs. ͑8͒ and ͑9͒. The center frequencies of doped and undoped samples followed the different linear dependence of stresses. It is interesting to note that the films of zero stress have a center frequency near 1065 cm Ϫ1 for undoped samples and 1089 cm Ϫ1 for the doped samples, respectively, 23, 27 The dynamic behaviors of other molecular bands such as Si-Si, Si-H, and Si-OH are not taken into account during strain measurement by IR spectroscopy, which focuses more on the local structure of the Si-O stretching bonds. The discrepancy between the local Si-O-Si strain and the total macroscopic film stress measurements originate from the fact that the macroscopic film stress depends not only on the mechanical behavior of the Si-O bonds but also on that of other bonds. 23 Therefore, special care must be taken when using physical quantities of different origin and order of magnitude to deduce the elastic constants. Furthermore, it may be that only a portion of Si-O bonds play a role in the local strain configurations, and further enhance the elastic constant differences. As shown in Table IV , BPSG showed the relatively small local strain before and after anneal, which again is beneficial to the extrusion control.
Based on mechanical and structural properties of various underlying SiO 2 films, BPSG was found to have lower elastic modulus, lower local strain, higher thermal expansion coefficient, and smoother surface than the other three oxides tested ͑silane, TEOS, and PSG͒, thus this oxide would be expected to help in relieving metal compressive stress and minimizing extrusion defects better than the other three. In order to evaluate the extrusion behavior of the different SiO 2 layers, a set of patterned wafers was fabricated. An in-line defect counting system and scanning electron microscopy were used to check the extrusion density and morphology. The extrusion defect counting results are shown in Fig. 9 . Extrusion density tracks with the compressive stress of the composite films. The BPSG underlying film exhibited the smallest density of extrusion defects during anneal. Stress migration and electromigration tests were also performed on patterned wafers with BPSG and silane ILD oxides, respectively. Figure 10 shows the stress migration at 225°C up to 1000 h for a total of 92 AlCu 0.35 mϫ400 000 m serpentine structures encapsulated by BPSG and silane, respectively. No significant difference between the metal stack with BPSG ILD and the metal stack with silane ILD was observed for stress voiding. Electromigration results showed similar results. Therefore, we propose that extrusion may be more sensitive to the elastic difference of underlying oxide than stress migration voiding and electromigration voiding.
Finally, we want to emphasize that the present article only concentrated on underlying ILD effects on AlCu metal ex- trusion control. Several other factors likely to affect extrusion growth, not reported here, include metallurgy changes to minimize mass transport path and nucleation sites and improve texture, process changes to reduce stress, and oxide chemical-mechanical polish ͑CMP͒ changes to reduce surface roughness.
V. CONCLUSIONS
In summary, the mechanical properties of common PECVD grown interlevel dielectric films used in electronic devices and their influences on Al interconnect reliability were investigated by various methods. Knowledge of these properties in PECVD grown silicate glass films is important to control thermally induced extrusion defects. Our mechanical property studies suggest that among four silicate glass films, BPSG has the lower elastic modulus, lower strain, a higher expansion coefficient, and smoother surface than the other oxides examined and minimizes extrusions with Al metallurgy. Expectations based on our basic mechanical property measurements were confirmed by extrusion experiments on patterned wafers. It should be noted that while BPSG has attractive mechanical properties, the choice of ILD in silicon technology is also dictated by other factors, with dielectric constant and the associated capacitances being perhaps the most important.
